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Introduction....
The INO   (Indian Neutrino Observatory) is a proposed 
large underground facility to be located in the southern 
part of India.

    Accessed by a 2 km tunnel. Peak-tunnel 
distance  1317 m.

INO

 Flat terrain, good access roads, proximity 
to major city/airport  (Madurai, 110 km).

 Warm,  winter 60 F, summer 100 F , Low rainfall,  Low population density, 
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Text

Introduction....

Underground facility with several caverns suitable for housing  multi-
disciplinary scientific experiments planned.

Surface support facility at site location, supplemented by the presence 
of NCHEP (National Center for High Energy Physics) at Madurai (110 
km)

The flagship experiment will feature neutrino detection in  ICAL, a 
50-100 kT magnetized iron calorimeter  detector 

Neutrino-less Double Beta Decay and Dark Matter experiments planned 
for the future.

International Collaboration and participation sought and welcomed. 
Current civil work and construction /fabrication schedule is 2012-2017
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!"
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ICAL........Description and Salient Features
50-100 kT magnetized Iron Calorimeter

High efficiency charge identification for muons with E > 1 GeV, 
effective measurement and separation of muons and anti-muons 
produced by neutrinos and anti-neutrinos from the atmosphere or a 
(future) beam.

Modular Design tracking calorimeter, RPC as active detector medium 

Good directionality with  1 nano-sec timing.

Distance from possible future beams  offers opportunities for both 
planned and serendipitous discoveries if used as end detector.

ICAL

JPARC,6570 km

RAL, 7820 km 
FNAL, 11410 km,
core passage

CERN,7360 km, magic baseline

              Physics with Beams (INO Phase 2) 

         Sanjib Kumar Agarwalla, NNN11, Zurich, Switzerland, 7th November, 2011 
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ICAL........Description and Salient Features

       Specifications of the ICAL Detector   
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Pickup strips
Two 2 mm thick float Glass
Separated by 2 mm spacer2 mm thick spacer

Glass plates
Resistive coating on the outer surfaces of glass

ICAL........Description and Salient Features
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ICAL........Major Physics Goals...Oscillation parameters

Provide complementary measurements of atmospheric oscillation 
parameters by measuring ratio of N_up/N_down rates for muon 
neutrinos and anti-neutrinos.

14

TABLE I: Results of determination of θ23

θ23 CL Source

42.9◦+4.1◦

−2.8◦ 1σ global-fit[2]

35.7◦ − 54◦ 3σ global-fit[2]

45◦+10◦

−7.8◦ 99% SK [4]

45◦ ± 9◦ 90% MINOS (ν) [4]

34◦+6◦

−4◦ or 56◦+4◦

−6◦ 90% MINOS (ν̄) [5]

39◦ − 51◦ 2σ T2K [32]

36◦ − 54◦ 2σ NOνA [32]

40◦ − 50◦ 2σ INO (1 Mton·yr)

TABLE II: Results of determination of ∆m2
31

∆m2
32(10

−3eV2) CL Source

−2.36± 0.07(±0.36) 1 (3)σ global-fit [2]

+2.47± 0.12(±0.37) 1 (3)σ global-fit [2]

2.5+0.52
−0.60 99% SK 3ν [4]

2.35+0.11
−0.08 90% MINOS ν [5]

3.36+0.45
−0.40 90% MINOS ν̄ [5]

2.5± 0.04 2σ T2K [32]

2.5+0.07
−0.04 2σ NOνA [32]

2.5± 0.07 2σ INO (1 Mton·yr)

The accuracy of measurements of ∆m2
23 by

ICAL, ∆(∆m2
23) = 0.15 · 10−3 eV2 (3σ, 1 Mton·yr

exposure), is two times better than the accuracy of
the present global fit and it is worthier than the ex-
pected sensitivity of T2K.

ICAL can measure the difference of ∆m2
32 in

ν and ν̄ channels (the CPT test) with accuracy
0.8× 10−4 eV2 at 3σ confidence level with 1 Mton·yr
exposure and the present MINOS result can be ex-
cluded at > 5σ confidence level.

We find that inclusion of information about
hadrons from neutrino interactions does not change
the sensitivity to the oscillation parameters sub-
stantially. Also improvements of the sensitivity
due to better determinations of the cross-section
and neutrino flux are rather modest. However, the
sensitivity improves substantially with adding priors,
especially for the 1 - 3 mixing, and of course, with
increase of the absolute value of 1-3 mixing.

Acknowledgments: The use of general cluster fa-
cility of Harish-Chandra Research Institute for a part
of this work is gratefully acknowledged. A. S. wants
to acknowledge Moon Moon Devi and Amol Dighe for
providing the hadron resolution function.
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Determination of the 
mass hierarchy vital to 
BSM physics efforts

Detection of CPV in the lepton sector similarly vital. (Not an ICAL 
phase I goal)

ICAL........Major Physics Goals...Mass Hierarchy
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MH& CPV w/o new exps.?
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PH, M. Lindner, T. Schwetz, W. Winter, JHEP 11 044 (2009),
arXiv:0907.1896.
Includes Project X and T2K running at 1.7MW.

P. Huber – VT-CNP – p. 3

 Mass hierarchy and CPV ....future LBL sensitivities

Sensitivities with existing experiments + NuMI upgraded to
 2.3 MW and T2K upgraded to 1.7 MW.

Measurements difficult due to presence of degeneracies  in LBL, 
large fraction of CP angle range inaccessible.

Huber, Lindner, Schwetz and Winter, arXiv 0907.1836
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Eight-fold/Four-fold  degeneracy collapses when 
atmospheric data added to LBL. 

Campagne, Maltoni,  Mezetto and Schwetz  hep-ph 0603172

 
Previous work has established that atm data when combined with 
LBL data is a effective degeneracy resolver
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Figure 5: Allowed regions in sin2 2θ13 and δCP for LBL data alone (contour lines) and LBL+ATM data

combined (colored regions). Htr/wr(Otr/wr) refers to solutions with the true/wrong mass hierarchy (octant

of θ23). The true parameter values are δCP = −0.85π, sin2 2θ13 = 0.03, sin2 θ23 = 0.6, and the values from

Eq. (1) for the other parameters. The running time is (5ν + 5ν̄) yrs for βB and (2ν + 8ν̄) yrs for the Super

Beams.
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Figure 6: Resolving degeneracies in SPL by successively using the appearance rate measurement, dis-
appearance channel rate and spectrum, spectral information in the appearance channel, and atmospheric
neutrinos. Allowed regions in sin2 2θ13 and δCP are shown at 95% CL, and Htr/wr(Otr/wr) refers to solu-
tions with the true/wrong mass hierarchy (octant of θ23). The true parameter values are δCP = −0.85π,
sin2 2θ13 = 0.03, sin2 θ23 = 0.6, and the values from Eq. (1) for the other parameters. The running time is
(2ν + 8ν̄) yrs.

true parameter values δCP = −0.85π, sin2 2θ13 = 0.03, sin2 θ23 = 0.6 we show the allowed
regions in the plane of sin2 2θ13 and δCP taking into account the solutions with the wrong
hierarchy and the wrong octant of θ23.

As visible in Fig. 5 for the Super Beam experiments SPL and T2HK there is only a four-
fold degeneracy related to sign(∆m2

31) and the octant of θ23, whereas the intrinsic degeneracy

13

440 kT Water Ckv 
detectors in each case, 
10 yr run , collecting 
both beam and 
atmospheric data.

Huber, Maltoni, and Schwetz  hep-ph 0501037

Atm alone lacks precision and high statistics, but has 
wide-band in L and E and consequent access to matter 
effects. LBL alone with present baselines lack sufficient 
matter effects.
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the sum of χ2
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µ̄. An energy resolution of 15% and an angular resolution of 10◦ are assumed. NH is

assumed to be true hierarchy. No marginalization over neutrino parameters is done.

sin2 2θ13 χ2
µ+µ̄ + χ2

e+ē (HK) χ2
µ + χ2

µ̄ (INO)

0.0 0.0 0.0
0.04 3.6 4.5
0.10 5.9 9.6
0.15 7.1 16.9

Table 4: Values of total marginalized χ2 with pull and priors, for HK (1.8 Mt yr) and INO (1 Mt yr).

is only about half of the muon neutrino flux. Together, the differences induced in µ-like and
e-like events lead to a 2σ signal for neutrino mass hierarchy for sin2 2θ13 ≈ 0.04 for a moderate
exposure time of 3.3 years. For larger exposure times, it is possible to determine hierarchy at
a higher statistical significance.

Magnetized iron calorimeter detectors, on the other hand, are sensitive only to muons. But
the magnetic field endows them with charge identification capability. Therefore one can collect
the muon and the anti-muon events separately and compute the χ2 for each type of events and
then add these. Thus the hierarchy sensitivity is considerably enhanced as compared to water
C̆erenkov detectors, and similar statistical significance can be achieved with smaller statistics.

In Table 4 we compare the χ2 sensitivity of both type of detectors for different values
of sin2 2θ13. We find that an exposure of about 2 Mt yr for water C̆erenkov and 1 Mt yr for
magnetized iron detectors can resolve the matter hierarchy at 95% C.L. or better, provided

29
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µ and χ2

µ̄. An energy resolution of 15% and an angular resolution of 10◦ are assumed.

sin2 2θ13 ≥ 0.05. This table and Figures 9 and 13 summarize our main results, where χ2
min is

plotted versus the input value of sin2 2θ13. This χ2
min incorporates theoretical, statistical and

systematic errors, along with smearing over neutrino energy and direction and also marginal-
ization over the allowed ranges of neutrino parameters. These figures as well as the table show
that the variation of χ2 with increasing sin2 2θ13 for water C̆erenkov detectors is significantly
flatter as compared to that for magnetized iron calorimeter detectors. This is due to (a) The
contribution of χ2

e+ē in the χ2 for HK, which flattens out for higher values of θ13; and (b) χ2
µ+µ̄

is a relatively less sensitive function of θ13 since the addition of muon and anti-muon events
partially cancels the θ13 dependence in the difference in NH and IH events (Eq. 17). On the
other hand, for magnetized iron calorimeter detectors χ2 is the sum of the χ2 from muon
events and that from anti-muon events and the θ13 sensitivity adds constructively in this case.

The χ2 for muon events exhibits a higher sensitivity to improved angular and energy
resolution than do electron events. Hence, there is a dramatic improvement in the hierar-
chy discrimination capability of magnetized iron detectors with improved angular resolution.
The results quoted in the previous paragraph assume a modest energy resolution of 15% and
angular resolution of 10◦. Increasing the the angular resolution from 10◦ to 5◦ dramatically
increases the χ2 by a factor of 3. Improvement in the energy resolution for a magnetized
detector leads to a more modest improvement of the χ2. Thus it is imperative for these detec-
tors to have good angular resolution if they are to resolve the mass hierarchy at a statistically
significant level.

30

ICAL........Major Physics goals... Hierarchy Sensitivity for  1 Mt-
yr

T2K + Double Chooz best fit 

Sensitivity independent of CP angle. Assumes maximal 2-3 mixing. Non-
maximal case in progress. Results shown are for NH. Sensitivities will be 
less for IH. Will improve with addition of LBL data.

> 2 sigma (almost 3 sigma) sensitivity at T2K + DC value

RG, Ghoshal, Goswami, Mehta, Sankar and Shalgar,arXiv 0707.1723, 
Samanta, arXiv 0907.3540, Indumathi and Murthy, hep-ph 0407336

Thursday 1 December 2011



ICAL........Major Physics goals... Octant Sensitivity

Use sensitivity to matter effects to determine if          is maximal 

• In order to test at what statistical significance the “wrong hierarchy” can be disfavoured,
we calculate the theoretical expectation in each bin – Nth

ij assuming the “wrong hierar-
chy”.

• During this calculation of theoretical event rates we fix the solar parameters ∆m2
21 and

θ12 at their best-fit values. Since the solar parameters have only marginal effect on the
probabilities for the energies and pathlengths relevant for us, our results will not change
significantly if these two parameters are allowed to vary in their currently allowed range.
For the same reason we keep the CP phase δCP fixed at its true value which we have
taken as zero in this calculation.

• However, we allow the parameters sin2 2θ13, sin2 2θ23 and |∆m2
31| to vary within the fol-

lowing ranges :

1. |∆m2
31| is allowed to vary in the range 2.35 × 10−3 − 2.65 × 10−3 eV2.

2. sin2 2θ23 is varied between 0.95 and 1.0. However, Pµe and Pµµ in matter are
dependent on sin2 θ23. For sin2 2θ23 < 1 there exist two allowed values of θ23 (the
so called octant ambiguity). In our calculation we consider both values. Hence we
consider a range 0.4 < sin2 θ23 < 0.6.

3. sin2 2θ13(true) is varied from 0.0 to 0.15. The current 3σ bound is sin2 2θ13 <
0.15 [1].

• In computing χ2
min, we have added the priors for the neutrino parameters which puts a

penalty for moving away from the true value. Shifting further from the true value of a
parameter, would worsen the fit of the experiment which measured that parameter. By
adding the priors we are effectively minimizing χ2 of our data together with those of the
experiments measuring the neutrino parameters. The results, obviously, depend on the
choice of true parameter values.

In the expression for χ2
min, the prior for the mixing angle θ23 is given in terms of sin2 2θ23.

This is valid because the quantity which will be measured in future νµ disappearance
experiments is sin2 2θ23 and the priors are added to take into account the fit to the data
which made the measurements.

In Eq. 27, σ denotes 1σ errors. We use 2% error for |∆m2
31| and sin2 2θ23, which can be

achieved in future long baseline experiments [3]. For σ(sin2 2θ13) we use 0.02 [24].

Our χ2 is thus marginalized over the three parameters sin2 2θ13, sin2 2θ23 and |∆m2
31| in

order to determine χ2
min which shows how different are the predictions of the the “wrong

hierarchy” from those of the “true hierarchy”. “Wrong hierarchy” is then taken to be ruled
out at pσ if χ2

min ≥ p2 for all allowed values of θ13, θ23 and |∆m2
31|.

In our calculations, we took the density profile of the earth to be the PREM profile.
There are, of course, some uncertainties in the values of the densities given in this profile. We
checked that a 10% change in the density leads to a negligible change (less than 5% change)
in the minimum χ2. Therefore, we have not taken the uncertainties in the density profile into
account explicitly.

21

A maximal value of        would signal the presence of an under-lying symmetry.

Samanta and Smirnov, arXiv 1012.0360; Choubey and Roy, hep-ph 0509197
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The 2-3 mixing and mass split: atmospheric neutrinos and

magnetized spectrometers

Abhijit Samantaa,b and A. Yu. Smirnovb

aRamakrishna Mission Vivekananda University, Belur Math, Howrah 711 202, India
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We study dependence of the atmospheric νµ and ν̄µ fluxes on the deviations of the 2-3 mixing from
maximal, |45◦ − θ23|, on the θ23-octant and on the neutrino mass splitting ∆m2

32. Analytic expres-
sions for the θ23−deviation effect and the octant asymmetry are derived. We present conservative
estimations of sensitivities of the iron (magnetized) calorimeter detectors (ICAL) to these param-
eters. ICAL can establish the θ23-deviation at higher than 3σ confidence level if |45◦ − θ23| > 6◦

with the exposure of 1 Mton·yr. Sensitivity to the octant is low for zero or very small 1-3 mixing,
but it can be substantially enhanced for θ13 > 3◦. ICAL can measure the difference of ∆m2

32 in ν
and ν̄ channels (the CPT test) with accuracy 0.8 × 10−4 eV2 (3σ) with 1 Mton·yr exposure, and
the present MINOS result can be excluded at > 5σ confidence level. We discuss possible ways to
further improve sensitivity of the magnetized spectrometers.

PACS numbers: 14.60.Pq,14.60Lm

I. INTRODUCTION

Determination of the 2-3 mass splitting and lep-
tonic mixing, and in particular, the deviation of θ23
from the maximal mixing angle,

δ23 ≡ 45◦ − θ23, (1)

is of fundamental importance 1. Here we use the stan-
dard parameterization of the PMNS mixing matrix:

UPMNS = U23(θ23)ΓδU13(θ13)U12(θ12), (2)

where Uij is the matrix of rotation in the ij−plane,
and Γδ ≡ diag(0, 0, eiδ). Being maximal or close to
maximal, the 2-3 mixing testifies for existence of cer-
tain underlying symmetry [1]. Comparison of the val-
ues of δ23 and θ13 as well as the mixing angles in the
quarks and lepton sectors can shed some light on the
origins of fermion mass and mixing in general.

The existing results on θ23 and ∆m2
23 are sum-

marized in the Table 1. Note that the global fits of
oscillation data [2] (see also [3]) show some deviation
of the 2-3 mixing from maximal: δ23 = 2 − 3◦ (1σ).
Although the data agree well with maximal mixing,
large deviation, δ23 = ±9◦, is still possible.

Concerning the 2-3 mass splitting, the global
fit values are in agreement with the results of Su-
perKamiokande (SK) [4] as well as the MINOS mea-
surement in the ν channel [5].

1 δ23 is related to another deviation parameter, D23 ≡ 1/2 −

sin2 θ23 used in literature as D23 = sin 2δ23.

Recently MINOS has reported the values of
∆m2

31 and θ23 in the ν̄ channel [5] which differ from
those in the ν channel (see tables I and II). If con-
firmed, this result will testify for an effective (due to
existence of some new interactions [6]) or fundamental
CPT violation. The analysis of the atmospheric neu-
trino data does not confirm MINOS result although
the sensitivity of SK to CPT violation is not high since
SK sum up effects of neutrinos and antineutrinos [6].
Iron calorimeters (ICAL) [7] can perform very sensi-
tive search for the CPT violation and check MINOS
result.

New accelerator experiments T2K [8] and
NOνA [9] will improve precision of measurements of
∆m2

32 by factor 2, but their accuracy of measurements
of θ23 will be only slightly better than that of the
present global fit (see table I).

There are two aspects of the θ23-measurements:

• determination of the absolute value of the devi-
ation |δ23|, and

• identification of the θ23-octant, i.e. the sign of
δ23, or in other words, resolution of the octant
degeneracy.

The problem of determination of δ23 and the oc-
tant with atmospheric neutrinos has been addressed
in a number of publications before [10–16]. It was re-
alized [11–13] that at low energies oscillation effects on
the electron neutrino flux are proportional to this de-
viation, and therefore searches for an excess (or sup-
pression) of events in the sub-GeV range would testify
for δ23. For water Cherenkov detectors both aspects
of the 2-3 mixing determinations have been explored

• In order to test at what statistical significance the “wrong hierarchy” can be disfavoured,
we calculate the theoretical expectation in each bin – Nth

ij assuming the “wrong hierar-
chy”.

• During this calculation of theoretical event rates we fix the solar parameters ∆m2
21 and

θ12 at their best-fit values. Since the solar parameters have only marginal effect on the
probabilities for the energies and pathlengths relevant for us, our results will not change
significantly if these two parameters are allowed to vary in their currently allowed range.
For the same reason we keep the CP phase δCP fixed at its true value which we have
taken as zero in this calculation.

• However, we allow the parameters sin2 2θ13, sin2 2θ23 and |∆m2
31| to vary within the fol-

lowing ranges :

1. |∆m2
31| is allowed to vary in the range 2.35 × 10−3 − 2.65 × 10−3 eV2.

2. sin2 2θ23 is varied between 0.95 and 1.0. However, Pµe and Pµµ in matter are
dependent on sin2 θ23. For sin2 2θ23 < 1 there exist two allowed values of θ23 (the
so called octant ambiguity). In our calculation we consider both values. Hence we
consider a range 0.4 < sin2 θ23 < 0.6.

3. sin2 2θ13(true) is varied from 0.0 to 0.15. The current 3σ bound is sin2 2θ13 <
0.15 [1].

• In computing χ2
min, we have added the priors for the neutrino parameters which puts a

penalty for moving away from the true value. Shifting further from the true value of a
parameter, would worsen the fit of the experiment which measured that parameter. By
adding the priors we are effectively minimizing χ2 of our data together with those of the
experiments measuring the neutrino parameters. The results, obviously, depend on the
choice of true parameter values.

In the expression for χ2
min, the prior for the mixing angle θ23 is given in terms of sin2 2θ23.

This is valid because the quantity which will be measured in future νµ disappearance
experiments is sin2 2θ23 and the priors are added to take into account the fit to the data
which made the measurements.

In Eq. 27, σ denotes 1σ errors. We use 2% error for |∆m2
31| and sin2 2θ23, which can be

achieved in future long baseline experiments [3]. For σ(sin2 2θ13) we use 0.02 [24].

Our χ2 is thus marginalized over the three parameters sin2 2θ13, sin2 2θ23 and |∆m2
31| in

order to determine χ2
min which shows how different are the predictions of the the “wrong

hierarchy” from those of the “true hierarchy”. “Wrong hierarchy” is then taken to be ruled
out at pσ if χ2

min ≥ p2 for all allowed values of θ13, θ23 and |∆m2
31|.

In our calculations, we took the density profile of the earth to be the PREM profile.
There are, of course, some uncertainties in the values of the densities given in this profile. We
checked that a 10% change in the density leads to a negligible change (less than 5% change)
in the minimum χ2. Therefore, we have not taken the uncertainties in the density profile into
account explicitly.

21

Similarly, its deviation                          would provide a measure of 
its breaking.
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FIG. 13: The same as in fig. 5, but with the contributions from priors for the oscillation parameters added to χ2 (see text).
The marginalization range for θ13 is 3◦ − 12.5◦(0◦ − 12.5◦) in absence (presence) of prior contribution.
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FIG. 14: The same as in fig. 6, but with the contribution from priors for the oscillation parameters added to the χ2. The
marginalization range for θ13 is 3◦ − 12.5◦(0◦ − 12.5◦) in absence (presence) of prior contribution.

Eth = 0.141 GeV.

ICAL has good sensitivity to the θ23-deviation
from maximal 2-3 mixing: the effect is proportional
to the probability of the main channel of oscillations,
νµ − ντ , which is unsuppressed in whole considered
neutrino energy range. As a result, dependence of the
sensitivity on the energy threshold is weak and it does
not change substantially when the effect of 1-3 mixing
is included. We find that with the 1 Mton·yr exposure
the 3σ accuracy of determination of the deviation will
be |δ23| ≈ 6◦, which is better than the present global
fit result and slightly better than expected sensitivity

of T2K (≈ 9◦).

The oscillations driven by non-zero 1-3 mixing
substantially improve the sensitivity to the octant.
One can determine the octant for δ23 = 5◦ and
θ13 = 5◦ at 90% C.L. with 1 Mton·yr exposure. We
find that this sensitivity depends crucially on the un-
certainty range of θ13. For a given nonzero θ13, the
sensitivity to octant discrimination is symmetric in
θ23 with respect to θ23 = 45◦. However, the asymme-
try arises (smaller sensitivity for θ23 < 45◦) if value of
θ13 can vary in large range. The symmetry is restored
if prior for the 1-3 mixing is added.
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Eth = 0.141 GeV.

ICAL has good sensitivity to the θ23-deviation
from maximal 2-3 mixing: the effect is proportional
to the probability of the main channel of oscillations,
νµ − ντ , which is unsuppressed in whole considered
neutrino energy range. As a result, dependence of the
sensitivity on the energy threshold is weak and it does
not change substantially when the effect of 1-3 mixing
is included. We find that with the 1 Mton·yr exposure
the 3σ accuracy of determination of the deviation will
be |δ23| ≈ 6◦, which is better than the present global
fit result and slightly better than expected sensitivity

of T2K (≈ 9◦).

The oscillations driven by non-zero 1-3 mixing
substantially improve the sensitivity to the octant.
One can determine the octant for δ23 = 5◦ and
θ13 = 5◦ at 90% C.L. with 1 Mton·yr exposure. We
find that this sensitivity depends crucially on the un-
certainty range of θ13. For a given nonzero θ13, the
sensitivity to octant discrimination is symmetric in
θ23 with respect to θ23 = 45◦. However, the asymme-
try arises (smaller sensitivity for θ23 < 45◦) if value of
θ13 can vary in large range. The symmetry is restored
if prior for the 1-3 mixing is added.

2 sigma sensitivity to octant at 1 Mt-yr at 40/50 deg;  3 sigma sensitivity to deviation of 
5 deg around maximal.
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ICAL........Other Important  Physics goals.......

ICAL atmospheric data can provide strong bounds on CPT violation.
Datta, RG, Mehta, Sankar, hep-ph 0312027

Functioning as a large pair-meter, ICAL will provide VHE muon
 detection at energies significantly beyond those presently accessible,
( 5-1000 TeV surface energy)  RG and Panda, JCAP 0607:011, 2006
 Atmospheric down-going muon neutrino signal provides a  probe of sterile 
(eV^2 scale) oscillations separately for particles and anti-particles. This is 
also testable if ICAL is used as an LBL detector with a near-magic baseline.
 RG and Ghoshal, arXiv 1108.4360, (atmospheric); Dighe and Ray, arXiv 0709.0383 (LBL)

NSI parameters  can be probed in ICAL when used as an end detector for a 
beam at ~7000 km.  Coloma, Donini, Lopez-Pavon and Minakata,
 arXiv 1105.5936; Adhikari, Agarwalla, Raychaudhuri hep-ph 0608034.

ICAL atmospheric signal can probe long-range forces.
Joshipura and Mohanty, hep-ph 0310210; Samanta, arXiv 1001.5344

Indirect detection of DM, Agarwalla, Blennow, Martinez, Mena arXiv1105.4077

Superluminal neutrinos at long baselines.......(?!)
Thursday 1 December 2011



signal syst.
IDS!NF 2010!2.0 1.4"

MIND LE 1.4"
LBNE 1"

LBNE#Project X 1"
T2HK 5"

T2KH ! known MH 5"
SPL 2"

BB100 2"
LBNO ! 33kt 5"
LBNO ! 100kt 5"

2025

10!7 10!6 10!5 10!4 10!3 10!2 10!1
0.0

0.2

0.4

0.6

0.8

1.0

True sin22Θ13

CP
fra
ct
io
n

GLoBES 2011 ! October 20

sgn %m2

signal syst.
IDS!NF 2010!2.0 1.4"

MIND LE 1.4"
LBNE 1"

LBNE#Project X 1"
T2HK 5"

T2KH ! known MH 5"
SPL 2"

BB100 2"
LBNO ! 33kt 5"
LBNO ! 100kt 5"

2025

10!7 10!6 10!5 10!4 10!3 10!2 10!1
0.0

0.2

0.4

0.6

0.8

1.0

True sin22Θ13

CP
fra
ct
io
n

GLoBES 2011 ! October 20

CPV

FIG. 1. The three flavor oscillation discovery reaches quantified by the fraction of true δCP versus the true value of sin2 2θ13 at
3σ confidence level (1 dof) for the mass hierarchy (left hand panel) and for CP violation (right hand panel). The various lines
are for different experimental setups as labeled in the legend, where also the systematic uncertainty on the signal normalization
is given. IDS-NF 2010/2.0 is a two baseline neutrino factory setup with magnetized iron detectors of 100 kt at a baseline of
4 000 km and 50 kt at a baseline of 7 500 km using 1021 25GeV muons per year (107 s) for 10 years. MIND LE is a single
baseline neutrino factory with one magnetized iron detector of 100 kt at a baseline of 2 000 km using 1021 10GeV muons per
year (107 s) for 10 years; both neutrino factory setups are taken from [8]. LBNE is a 700 kW beam of 120GeV protons running
for 10 years (2 × 107 s, each) directed towards a 200 kt water Cerenkov detector (or a 6 times smaller liquid argon detector)
with a baseline of 1 300 km. LBNE + Project X assumes the same setup, however with 2.3MW beam power; the sensitivity
for both setups is taken from [9]. T2HK assumes a 560 kt water Cerenkov detector and 1.66MW 50GeV proton beam for 5
years (107 s, each) with a baseline of 295 km and the sensitivities are taken from [10], where the curve labeled T2HK – know
mass hierarchy, assumes the mass hierarchy to be known. The SPL setups assumes a 8GeV 4MW proton beam for 10 years
(each 107 s) towards a 440 kt water Cerenkov detector over a baseline of 130 km, the sensitivities are taken from [11]. Note,
that a re-optimized beam for the SPL has been shown to enhance sensitivities somewhat [12]. The BB100 setup is a γ = 100
beta beam towards a 440 kt water Cerenkov detector over a baseline of 130 km using 5.8× 1018 6He per year (107 s) for 5 years
and 2.2× 1018 18Ne decays per year for 5 years [11]. Note, that within the EURISOL design study it was found that these ion
intensities may be very difficult to reach [13]. Both setups BB100 and SPL include the atmospheric neutrino data sample which
gives rise to some sensitivity towards the mass hierarchy. LBNO is a liquid argon detector of 33 kt or 100 kt (see legend) using
a 1.7MW 50GeV proton beam for 10 years (1.7 × 107 s each) over a baseline of 2 300 km and the sensitivities are from [14].
Finally, the curve labeled 2025 summarizes our knowledge in the year 2025 if no facilities are built, but all beams, i.e. NuMI
and the T2K beam are upgraded to 2.3MW and 1.66MW, respectively and is taken from [15]. All sensitivities, except the
T2HK curves, have been computed using GLoBES [16, 17].

a machine and detector design. The two neutrino fac-
tory options are taken from the Interim Design report [8]
of the International Design Study for the Neutrino Fac-
tory (IDS-NF). LBNE and LBNE + Project X are de-
scribed in detail in the Physics Working Group report
of LBNE [18]. The SPL setup is based on a possible
low energy superconducting linac which used to be part
of CERN’s plan to upgrade its proton infrastructure for
high luminosity LHC running. The BB100 setups repre-
sent a beta beam which could be realized with the exist-
ing PS at CERN and therefore, in principle, could be run
concurrently with SPL. The machine options for both se-
tups have been studied in the context of the Euro-ν [19]
and EURISOL [13] programs. LBNO is developed in the
context of the LAGUNA-LBNO study [20, 21], which cur-
rently includes three possible detector technologies, wa-
ter, liquid argon and liquid scintillator and seven poten-
tial sites. The accelerator would be based on a possible
upgrade/replacement of the PS at CERN. The results

presented in figure 1 are valid for all values of sin2 2θ13
and for all values and both measurement the two base-
line neutrino factory, IDS-NF 2010/2.0, performs best. It
is worthwhile to point out that mass hierarchy sensitivi-
ties for BB100 and SPL, given their very short baseline
of 135 km, is entirely due to the atmospheric neutrino
sample collected in the 440 kt water Cerenkov detector.
Therefore, it can be expected that T2HK would have
a least the same sensitivity to the mass hierarchy for a
similar exposure to atmospheric neutrinos. In absence of
any knowledge of the true value of sin2 2θ13 it seems one
would prefer a neutrino factory since it has the deepest
reach in the sin2 2θ13 direction.
However, as mentioned previously, we have strong

hints that sin2 2θ13 > 0.02. In this case, it has been
demonstrated [15] that existing experiments, i.e. Double
Chooz, Reno, Daya Bay, T2K and NOνA, will not be
enough to determine the mass hierarchy or discover CP
violation at 3 σ in a significant fraction of the parameter

2

ICAL..Potential as part of  future International LBL program 
for MH and CPV

.

A co-ordinated International effort  may be essential to the realization of 
major neutrino physics goals.

 from P. Huber, talk at FNAL pre-meeting of Intensity Frontier Neutrino group, 
Oct 2011 and refs therein 

The IDS-NF offers the most signifiant sensitivities, using 100 kT and 50 kT 
magnetized iron detectors at 4000 km and 7500 km resply.

  ICAL satisfies  the distance, detector type  and 
mass criteria for the far  detector
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ICAL........Status of Detector R&D........Glass RPC               Making of Glass RPCs at TIFR   

         Sanjib Kumar Agarwalla, NNN11, Zurich, Switzerland, 7th November, 2011 

1m ! 1m 

!  12 glass RPCs of 1m ! 1m developed, tested for long in avalanche mode 
 
!  Recently 5 glass RPCs of 2m ! 2m successfully assembled and tested 

2m ! 2m 

9/23 

After extensive lab tests on both 1 m x 1 m and 2 m x 2 m glass RPCs, 
industrial production of the latter has started.
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ICAL........Status of Detector R&D........

The first batch of ASIC front-end electronics, designed by the INO 
electronics team and manufactured by Euro practice IC Services is 
being tested in the lab using RPC pulses

           Efforts at VECC & SINP (Kolkata)  
 
 

         Sanjib Kumar Agarwalla, NNN11, Zurich, Switzerland, 7th November, 2011 

13 layers of soft iron 
Each Iron Plate: 2.48m x 2.17m x 0.05m 
 
12 layers of 1m ! 1m RPCs  
8 glass RPCs and 4 Bakelite RPCs 
 
Total of 4 coils, each having 5 turns 
perpendicular to the plane of the Fe (1.6 Tesla) 
 
800 channels of preamp 
timing discriminators for avalanche RPCs 
 
Designed to study the working behavior of RPCs  
together with the front end electronics in presence  
of magnetic field 
 

ICAL@INO Prototype Detector ~ 50 tons 
                  Total Height 1.302 m 

12/23 

The ICAL 50 t prototype detector, 
with 13 layers of soft iron, 12 layers 
of 1 m x 1 m RPC, 1.6 tesla field, 
constructed and running at VECC/
SINP, Kolkata
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ICAL........ Status...

An INO  graduate student training program has been underway for the past 
3 years to provide man-power.

All forest and environmental clearances have been obtained.

Project has been strongly supported and pushed by the funding agencies 
(Departments of Atomic Energy and Science and Technology), and is one step 
away from full financial approval at the highest (PMO and Cabinet) level

About 4 weeks ago the State Government formally allotted the required land  
for the project to the Collaboration.

Land for the supporting National Center for HEP at Madurai is under process 
for acquisition.

Work on a Physics and Simulation White paper on in full ernest
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ICAL....... Conclusions.....

ICAL will provide complementary measurements of atmospheric 
oscillation parameters. 

As its major physics goal, with 1 Mt-yr exposure to atmospheric 
neutrinos, ICAL offers an opportunity using its charge-id capability 
to probe the crucial mass hierarchy issue in a mode (muon neutrino 
survival) free of degeneracies induced by the  CPV angle. Its 
sensitivity will be heightened by synergistic combination with LBL 
data

It will be sensitive to the deviation from maximality for the 2-3 
mixing angle. 

It will have a broad “other physics” program, including bounds on
 CPT violation. NSI, VHE muon charge ratio, UHE muon detection 
as a large pair-meter, indirect DM detection.....
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ICAL/INO hopes to not just do interesting stand-alone physics, 
but to be an integral part of a co-ordinated international 
program in combination with future LBL facilities. 

ICAL....... Conclusions.....

In particular, as a 50-100 kT magnetized iron calorimeter 
situated at near “magic” distances from Japanese and European 
accelerator facilities, it offers an opportunity to be an important 
part of a precision neutrino parameter measurement effort. 

Its detector R&D program is on track, work is actively ongoing 
on a physics and simulation white paper, the  graduate training 
program is in place, land and all approvals and clearances (except 
final stage financial approval --expected very soon) have been 
obtained. Current timescale for start of data-taking is 2017. 
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Thank you for your attention............!
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Back-up Slides  (more to be added....)
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Resolution of the Mass Hierarchy

1-2σ

2-3σ 3-4σ
4-5σ 5-6σ

>6σ

14 kt, 0.7 MW, 6 yrs 14 kt, 2.3 MW, 6 yrs 28 kt, 2.3 MW, 6 yrs 28 kt, 2.3 MW, 12 yrs

2-3σ1-2σ

1-2σ

3-4σ2-3σ
4-5σ

5-6σ
4-5σ

3-4σ
2-3σ

1-2σ

These calculations are for normal hierarchy. 
Inverted hierarchy looks same but is reflected across δCP=!.

Degeneracies affect only a small region in “wrong” half of δCP space.

NoVA........ Mass Hierarchy...
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 Average number of pair cascades produced by an energetic muon 
above a threshold E_0 vs. muon energy for E_0 = 1 GeV (solid 
line), 10 GeV (dotted) and 100 GeV (dashed). 
ICAL mass of 50 Kt assumed 

Stand-alone Physics.......UHE Muons from 
Cosmic Rays 

RG and Panda  
JCAP 0607:011,2006.
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Stand-alone Physics.......Long Range 
Forces  

• The SM has several global flavour symmetries which can, in principle, 
be gauged in an anomaly free way. (L_e - L_mu, L_e-L_tau).

• If the gauge bosons corresponding to these are massless or very light, 
long-range forces may arise.

• Due to the flavour dependance, these may alter oscillation 
probabilities at a measurable level, which can be detected in an 
atmospheric neutrino detector.

• SK data has been used to set such bounds, which can be 
complemented or improved by ICAL. 

Joshipura and Mohanty,
Physlett. B, 2004.01.057 
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Physics in conjunction with LBL 
experiments......

• Due to these reasons, determinations of ∆m2  (which 
depend on L/E) in atmospheric detectors are usually 
not as accurate as those possible in LBL setups.

• Similarly, the precision likely to be achieved by experments 
like T2K  and NOνA for sin^2 2θ23 may be higher than 
what may be possible in future atmospheric detectors.

• Results of LBL experiments, while providing precision,  
must confront the existence of several types of parameter 
degeneracies.

Thursday 1 December 2011



Physics in conjunction with LBL 
experiments......

• The intrinsic, or {δ,θ13} degeneracy, which arises when 
different pairs of values of the parameters δ and θ13 give 
the same neutrino and anti-neutrino oscillation 
probabilities, assuming other parameters to be known 
and fixed. 

                              P (δ ,θ ) = P (δ′ ,θ′ )     (neutrinos)
                              P ̄ (δ ,θ ) = P ̄ (δ′ ,θ′ )'  (anti-neutrinos)

       The octant degeneracy. LBL experiments being mainly       
sensitive to sin^2 2θ_23, one obtains two solutions of equal 
statistical significance, but associated with different pairs of 
values of (δCP, θ13).
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Physics in conjunction with LBL 
experiments......

• Similarly, the mass hierarchy degeneracy occurs due to identical solutions 
for P and P ̄ for different pairs of δ_CP and θ_13 with opposite signs of 
∆_31 (fixing other parameters).

• Consequently, while providing high precision measurements of |∆m^2 31| 
and sin2 2θ_23, LBL experiments of the (near) future will not be able to 
provide definitive information on the mass hierarchy, the CP phase or the 
octant in which θ_23 lies.

• However, combining the precision measurements of upcoming LBL 
experiments with the wide-band (in L and E) capabilities of data gathered 
by a large mass atmospheric experiment like ICAL can lead to a resolution 
of these problems, as we illustrate by a couple of examples.
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Hierarchy sensitivity of CERN-MEMPHYS LBL on its own (dashed curves) 
and when combined with atmospheric data (solid curves). 
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Octant discrimination capabilities of LBL and atmospheric detectors,
both individually and when combined.
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(2005)
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Physics in conjunction with Neutrino factories 
and Beta beams........the Magic Baseline

ˆ

       At   a baseline length of about  7000-7500 km,   terms 
which     contain a CP dependence drop out of the 
probability. This lifts the degeneracies which afflict the 
precision measurements of oscillation parameters.

The CERN-ICAL distance is close to the magic 
baseline, as is the UK (RAL) - ICAL distance. This 
provides very attractive possibilities for factories and 
beta beams which may use ICAL as an end detector.                                          
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The sin2 2θ13 sensitivity as function of L including 
systematics, correlations, and degeneracies at the 5σ 
confidence level.

Gandhi and Winter
Phys.Rev.D75:053002,2007. 
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The energy dependance of the e-mu oscillation probability, at four different 

baselines, with bands showing the spread due to the CP parameter. 
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